Studies of mice suggest that pneumococcal proteins, including PspA, pneumolysin, PsaA, and CbpA, are promising vaccine candidates. To determine whether these proteins are good mucosal immunogens in humans, adenoidal lymphocytes from 20 children who had adenoidectomies were isolated and tested by ELISpot for antigen-specific antibody-secreting cells (ASCs). Cells were also cultured for 7 days in the presence of a concentrated culture supernatant (CCS) from a type 14 strain of pneumococcus which contained secreted pneumococcal proteins, including PspA, pneumolysin, PsaA, and CbpA, and then tested by ELISpot. ELISpot assays done on freshly isolated cells detected ASCs to all four antigens in most children studied. However, there were differences both between antigens and between isotypes. The densities of immunoglobulin G (IgG) ASCs against both PsaA and CbpA were significantly higher than those of ASCs for PspA and PdB (pneumolysin toxoid B) (P < 0.001). For all antigens, the numbers of IgA ASCs tended to be lower than those 
Streptococcus pneumoniae is a common cause of otitis media, pneumonia, septicemia, and meningitis in children, resulting in significant mortality and morbidity throughout the world. With the prevalence of antibiotic-resistant pneumococci increasing worldwide (20, 26) , studies of pneumococcal vaccines have gained much interest. The efficacy of polysaccharide vaccines is limited by poor immunogenicity in high-risk populations, especially young children. Conjugate vaccines have greater immunogenicity than polysaccharide-based vaccines, but serotype coverage is limited. Efforts are being made to find effective pneumococcal protein vaccines which might protect against multiple serotypes and which are immunogenic in children as well as in adults.
Currently, several candidate pneumococcal proteins are under study, including pneumolysin, pneumococcal surface protein A (PspA), pneumococcal surface adhesin A (PsaA), and choline-binding protein A (CbpA; also referred to as PspC, SpsA, or Hic) (11, 19, 21, 44) . Of these pneumococcal protein antigens, pneumolysin, PspA, and PsaA have been shown to contribute to the virulence of pneumococci and to be produced by virtually all clinical isolates (35, 39) . CbpA is likely to play a role in nasopharyngeal colonization and appears to be expressed by most, if not all, isolates. Preliminary studies of mice have shown that immunization with these proteins can protect against infection with multiple serotypes of pneumococcus (1) and/or prevent nasopharyngeal carriage (9, 10) . It has been shown that pneumococcal carriage and infections induce salivary and serum antibodies to PsaA, pneumolysin, and PspA in children (43, 46, 48) .
As pneumococci are mucosal pathogens colonizing the nasopharynx, mucosal immunization (e.g., by the intranasal route) is potentially a better way to protect against mucosal carriage than parenteral immunization. Acquisition of pneumococci is generally from nasopharyngeal carriers rather than infected individuals. Therefore, to induce community immunity against S. pneumoniae, it will be necessary to induce protection against carriage. PsaA and CbpA may be good vaccine candidates against carriage, as they have been shown to be associated with pneumococcal adherence (3, 44) .
S. pneumoniae gains entry into the host via the epithelium of the upper respiratory tract. Asymptomatic carriage of pneumococci is particularly common in infants and young children (17, 52) , age groups also at high risk of invasive disease. Previous studies suggest that natural mucosal infections (or carriage) can be immunizing processes which can prime tonsillar lymphocytes. Natural infection or intranasal immunization with rubella virus vaccine primes tonsillar lymphocytes better than subcutaneous vaccination (34) . Natural infection with varicella-zoster virus likewise stimulates tonsillar lymphocytes better than peripheral blood lymphocytes (4) .
Adenoids (nasopharyngeal tonsils), which are located in the anatomical area of pneumococcal carriage, are thought to be important immune inductive and effector sites for nasopharyngeal immunity and to act as part of an integrated mucosal immune system (25) . Regional mucosal immunity induced by natural carriage or intranasal vaccination most probably involves these immunocompetent tissues in the nasopharynx. Thus, protein-based vaccines against pneumococci should ideally be immunogenic to adenoidal lymphocytes in children if they are candidates for mucosal immunization. Adenoids are rich in lymphocytes, especially B cells, and thus provide a good model to study antigen-specific B-cell responses. Adenoidal lymphocytes have been used in a previous study to investigate the immune responses to the P6 outer membrane protein of nontypeable Haemophilus influenzae in children (23) . Specific immunoglobulin-secreting cells were found in freshly isolated and antigen-stimulated adenoidal lymphocytes, suggesting that the P6 protein had primed specific B cells in vivo.
In this study we have investigated the B-cell antibody responses in adenoidal lymphocytes from children to the four pneumococcal protein antigens pneumolysin, PspA, PsaA, and CbpA.
MATERIALS AND METHODS
Adenoids and saliva samples. Adenoids were obtained from 20 unselected children aged 1 to 10 years (median age, 5 years) with adenoidal hypertrophy who underwent adenoidectomy at the Sheffield Children's Hospital, Sheffield, United Kingdom. Saliva samples were also collected from seven subjects as described previously (54) . The study was approved by the local research ethics committee, and informed consent was obtained from the parents in each case.
Isolation of mononuclear cells from adenoids. The adenoids were transported to the laboratory at room temperature in minimum essential medium (Gibco, Paisley, United Kingdom) supplemented with glutamine and antibiotics (penicillin, 100 U/ml; streptomycin, 100 g/ml; amphotericin B, 1 g/ml) and processed within 1 h after the operation. The adenoid tissue was transferred to an 8-mm-diameter petri dish and checked grossly and under phase-contrast microscopy in medium. No grossly inflamed and or necrotic tissue was found in this study. Each sample was minced using a sterile scalpel and teased using sterile steel wire mesh to release cells into the medium. The cell suspension was allowed to sediment for 5 min and was then passed through a nylon mesh (30-m pore size). Mononuclear cells were isolated using Ficoll (Ficoll-Paque Plus; Pharmacia Biotech, Little Chatfont, United Kingdom) gradient centrifugation (400 ϫ g; 30 min). The cells were washed twice in sterile phosphate-buffered saline (PBS) and resuspended in 2 ml of RPMI medium supplemented with glutamine, penicillin, streptomycin, and 10% fetal bovine serum (FBS). The viability of the cells was assessed by trypan blue dye exclusion, and they were consistently Ͼ99% viable. Each cell suspension was adjusted to contain 4 ϫ 10 6 cells/ml. Flow cytometric analysis of adenoidal cells. Mononuclear cells isolated from the adenoids were incubated for 30 min at 4°C with either fluorescein isothiocyanate-or phycoerythrin-labeled monoclonal antibodies, including anti-CD3, anti-CD4, anti-CD-8, anti-CD19, and anti-CD68 (IDS, Boldon, United Kingdom), and washed before analysis by flow cytometry (FACScan; Becton Dickinson).
Antigens. The pneumococcal protein antigens pneumolysin toxoid B (PdB), PspA, PsaA, and CbpA (provided by James Paton, Adelaide, Australia), purified from recombinant Escherichia coli expressing the respective cloned genes, were used (37, 38, 41, 42) . The original source for each gene was a capsular type 2 pneumococcal strain, D39 (NCTC7466). All antigens were Ͼ95% pure as judged by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and staining with Coomassie brilliant blue R250 (37) .
The PdB antigen was a genetic toxoid of pneumolysin which has a Trp4333Phe mutation reducing cytotoxicity and retains full immunogenicity (41) . It is a 53-kDa protein (Fig. 1a) produced by all clinical isolates of pneumococci (40) .
The recombinant PsaA (rPsaA) was prepared from E. coli expressing the cloned psaA gene and purified as described previously (42) . It has a molecular mass of approximately 37 kDa (Fig. 1a) , and it is produced by all clinical isolates of S. pneumoniae (45) .
PspA was expressed as a His-tagged N-terminally truncated portion protein and purified by Ni-nitrilotriacetic acid affinity chromatography (37) . The mass of rPspA was 43 kDa (Fig. 1a) , although the native protein has variable molecular mass ranging from 67 to 99 kDa (49) . It has been found on every S. pneumoniae strain discovered to date (15) . This PspA has been shown to elicit cross-protective immunity against pneumococcal challenge in mice (37, 47, 51) .
The CbpA antigen used was an N-terminal His-tagged truncated CbpA fragment, representing amino acids 1 to 445 of the mature CbpA polypeptide, purified from recombinant E. coli (38) . The mass of rCbpA was approximately 75 kDa (Fig. 1a) . However, the protein in bacterial lysates apparently migrates in SDS-PAGE at higher mass and is variable among different strains (90 to 150 kDa) (11, 44) . Polyclonal antiserum to rCbpA has been found to react with both CbpA and PspA proteins in pneumococcal lysates (11) , accounting for the two bands seen in Fig. 1b , lane 6 (38) .
ELISpot assay for enumeration of antigen-specific ASCs. Costar plates (96 well) were coated with each pneumococcal protein (5 g/ml) in PBS at 4°C overnight. After being blocked with 1% bovine serum albumin in PBS (150 l/well) at 37°C for 30 min, the cells in RPMI medium were added at 4 ϫ 10 5 /well in triplicate and incubated at 37°C in a humid atmosphere with 5% CO 2 . Alkaline phophatase-conjugated goat anti-human immunoglobulin A (IgA), IgG, or IgM (Sigma, Dorset, United Kingdom) was added after washing, and the plates were incubated overnight at room temperature (RT). The substrate, BCIP (5-bromo-4-chloro-3-indolyl-phosphate; Sigma), was applied in agarose to the plates on a level surface at RT, and spots corresponding to antibody-secreting cells (ASCs) were counted using a phase-contrast microscope under low magni- 8 CFU/ml]). After centrifugation (3,000 ϫ g; 30 min), the culture supernatant was collected and passed through a 0.2-m-pore-size sterile filter and concentrated (10-fold) using a Vivaspin concentrator (Vivascience, Surry, United Kingdom). The protein concentration of the concentrated pneumococcal culture supernatant (pneumoCCS) was determined by the Bio-Rad (Hemel Hempstead, United Kingdom) protein assay to be 5 mg/ml. Discontinuous SDS-PAGE and Western immunoblotting were performed as described below to determine whether the supernatant contained PspA, PdB, PsaA, and CbpA.
SDS-PAGE and Western immunoblotting. Purified recombinant proteins (2 g each) and concentrated culture supernatant (10 g) from SSI 14 were mixed with sample buffer, heated at 95°C for 5 min, and loaded onto an SDS-PAGE gel (10% separating and 5% stacking gels) and run at 130 V constant voltage for 1 h. The proteins in the gel were transferred to a nitrocellulose membrane (Bio-Rad) by electroblotting following the manufacturer's instructions. The blots were blocked with 10% blotting-grade dry milk (Bio-Rad) in Tris-buffered saline with 0.05% Tween-20 (TBS-T; pH 7.5) for 1 h at RT before incubation with each mouse polyclonal antiserum (gifts of James Paton) (1:5,000) to PspA, pneumolysin (PdB), PsaA, and CbpA for 2 h. After being washed in TBS-T, the blots were incubated with biotinylated goat anti-mouse IgG (1:20,000) (Sigma) for 1.5 h. Extravidin-alkaline phosphatase (1:30,000) (Sigma) was then added, and the blots were incubated for 1.5 h. All of the above-mentioned reagents were diluted in TBS-T, and the incubation steps were performed at RT with gentle shaking on a rocker platform. The blots were developed using color development buffer (Bio-Rad) containing Nitro Blue Tetrazolium and BCIP on a rocker for 10 to 15 min at RT. The color reaction was stopped with deionized water when protein bands became clear. The Western blotting suggested that the pneumo-CCS contained PspA, PdB, PsaA, and CbpA (Fig. 1 ). This pneumoCCS was subsequently used in cell stimulation experiments. Since not all pneumococcal strains express CbpA (11), a cbpA-specific PCR was performed for the SSI type 14 strain showing it to be cbpA gene positive and to belong to clade B (data not shown). Cell culture. Mononuclear cells isolated from adenoidal tissue were cultured in RPMI medium supplemented with HEPES and antibiotics in 24-well plates (Costar) in the presence or absence of pneumoCCS. The cells were cultured for up to 9 days. At the end of culture, the cells were harvested. After being washed in RPMI medium, the cells were resuspended in the RPMI culture medium and added to 96-well microtiter plates (4 ϫ 10 5 /well) precoated with antigen and tested for ASCs by ELISpot assay as described above.
Immunoassay for anti-pneumococcal protein antibodies. In some experiments, cell culture supernatants were collected on days 1, 3, 5, 7, and 9 and assayed for anti-PspA, -PdB, -PsaA, and -CbpA antibodies. The culture supernatants were collected and stored at Ϫ20°C until they were assayed. Ninety-sixwell Costar plates were coated with each pneumococcal protein as described above. After being blocked with 10% FBS in PBS (150 l/well) at 37°C for 1 h, cell culture supernatants (1:5 to 1:10) were added in duplicate and incubated at 37°C for 2 h. After the plates were washed, alkaline phophatase-conjugated goat anti-human IgA, IgG, or IgM was added and incubated for 2 h at 37°C. pNitrophenyl phosphate was added, and the plates were incubated at RT for 30 min. The OD 405 was measured using a microtiter reader (Bio-Rad). Antigenspecific salivary IgA and IgG antibodies were also analyzed by immunoassay as described above.
Statistical analysis. Median and interquartile ranges were used to express numbers, and the Kruskal-Wallis method was used to analyze differences between numbers of ASCs for different antigen groups. Differences between two antigen groups and differences before and after antigen stimulation were analyzed by the two-related-sample pairwise Wilcoxon test. A P value of Ͻ0.05 was taken to indicate statistical significance. Analysis was performed using SPSS software version 10.
RESULTS

Flow cytometry.
Freshly isolated adenoidal mononuclear cells from three subjects were analyzed by flow cytometry; 34 to 45% were CD3 ϩ T cells, 52 to 65% were CD19 ϩ B cells, and 4 to 7% were CD68 ϩ cells (macrophages). Among the T cells, 78 to 85% were CD4 ϩ and 15 to 22% were CD8 ϩ .
ASCs in freshly isolated adenoidal cells. ELISpot assays done on freshly isolated adenoidal cells detected ASCs to all
four antigens among most of the children studied (Fig. 2) . However, there were some differences both between antigens and between isotypes. The densities of IgG ASCs against both PsaA and CbpA were significantly higher than for those against PspA and PdB (P Ͻ 0.001) (Fig. 2b) . For all antigens, the numbers of IgA ASCs tended to be lower than those of both IgG and IgM ASCs. Anti-CbpA and -PsaA IgA ASC numbers were significantly higher than anti-PdB IgA ASCs.
Antigen-specific ASCs and antibody responses after stimulation with pneumoCCS. To test whether adenoidal B cells respond in vitro to protein antigen stimulation, adenoidal mononuclear cells from three subjects were cultured in the presence or absence of pneumoCCS. Different concentrations of pneumoCCS were tested, and cell culture supernatants were collected on days 1, 3, 5, 7, and 9 and measured for anti-PspA, -PdB, -PsaA, and -CbpA antibodies. Representative data for IgG concentrations from one experiment are displayed in Fig.  3 and 4 . The optimal protein concentration of pneumoCCS for stimulation was approximately 5 g/ml in cell culture, and this concentration was used for subsequent cell culture experiments.
The effects of coculture with 5 g of pneumoCCS/ml for 7 days in vitro upon numbers of ASCs of all three isotypes and to all four antigens were tested in eight subjects. Salivary IgG and IgA antibody concentrations to the four antigens were measured by immunoassay in seven subjects (Fig. 5 ). There were detectable antibodies of both isotypes to all antigens assayed, with the exception of IgA to PdB in the majority of subjects. Salivary IgA antibody concentrations to PspA and PsaA correlated with the numbers of IgA ASCs to PspA (r ϭ 0.56) and PsaA (r ϭ 0.68) seen in ASC assays done on freshly isolated adenoidal cells. There were no such correlations between salivary IgG antibody concentrations and IgG ASCs in adenoidal cells to the four antigens (r Ͻ 0.35). While anti-CbpA salivary IgG concentrations were generally high, as expected, anti-PsaA salivary IgG was notably absent (Fig. 5) , which is in contrast with the high numbers of IgG ASCs to PsaA in adenoidal cells in the same subjects. Anti-CbpA IgA antibody concentrations in saliva could not be determined by the immunoassay, as all saliva samples produced very high OD values (possibly due to the interaction between CbpA and the secretory component of secretory IgA (S-IgA) in saliva (19) (see Discussion).
DISCUSSION
As pneumococci are mucosal pathogens colonizing the nasopharynx, mucosal immunization (e.g., by the intranasal route) is potentially a better way to protect against mucosal (1, 9, 10, 38) . Recent studies of humans have shown that antibodies to pneumolysin, PspA, and PsaA are present in serum in healthy people and patients with invasive disease (43, 48) . IgA antibodies are also found in saliva in children, and patients with positive cultures from nasopharyngeal swabs or from middle ear fluid had higher antigen-specific IgA concentrations than culture-negative controls (46) . These findings suggest that current carriage, infection, or previous exposure to pneumococci may induce both systemic and local immune responses to these pneumococcal protein antigens. It will be important to find out which proteins are good mucosal immunogens (and so better potential mucosal-vaccine candidates), which antibody isotype (IgA, IgG, or IgM) predominates, how and where these immune responses take place, and whether carriage can induce mucosal memory responses.
Our analysis of cellular components of adenoids by flow cytometry confirms a previous report (6) showing the predominance of B cells over T cells. There were also significant numbers of macrophages, which may be important in antigen presentation, along with dendritic cells, which have also been shown to be present in adenoids (8) . The predominance of CD4 ϩ T cells (about fourfold higher than CD8 ϩ cells) supports the notion that adenoidal T cells may provide significant help to B cells for antigen-specific antibody production.
Information on antibody responses to specific antigens in adenoidal cells is limited. To our knowledge, this study is the first description of immune responses in adenoidal lymphocytes from children to pneumococcal protein antigens. In this study, antigen-specific antibody responses to four novel pneumococcal protein antigens in adenoidal B cells from children were investigated, and it was shown that cells secreting antibodies of all three major isotypes (IgA, IgG, and IgM) to the four proteins are present in children. In freshly isolated adenoidal lymphocytes, antigen-specific IgG ASCs are predominant, followed by IgM and IgA ASCs. This is concordant with the general predominance of IgG immunocytes in adenoids (6) . The numbers of CbpA-and PsaA-specific IgG ASCs were significantly greater than those of PspA-and PdB-specific ASCs. CbpA-and PsaA-specific IgA ASCs were also more abundant than PdB-specific ASCs. This suggests that CbpA and PsaA may be better mucosal immunogens and supports the findings in a mouse model that PsaA and CbpA (PspC) were the most efficacious protein antigens among those tested in immunizing against nasopharyngeal colonization (10) .
The titers of antigen-specific IgA antibodies to the protein antigens in saliva broadly correlated with the numbers of antigen-specific IgA ASCs in adenoidal cells. It is known that adenoidal epithelial cells can produce secretory component, and thus S-IgA can be secreted from adenoids (7, 8) . It is thought that salivary IgA, which is predominantly in secretory form, is locally produced (46) . Therefore, adenoidal ASCs may be an important source for these protein-specific salivary IgA antibodies. Anti-CbpA IgA titers could not be determined, since all saliva samples measured reacted strongly with the CbpA antigen in the immunoassay. This appears to confirm observations by Hammerschmidt et al. and Zhang et al. that CbpA (SpsA) specifically binds to the secretory component of human S-IgA (19, 53) .
There was no significant correlation between antigen-specific IgG in saliva and IgG ASCs in freshly isolated adenoidal cells from the same subjects. Although anti-CbpA salivary IgG levels were generally high, which may be related to high numbers of IgG ASCs in adenoids, anti-PsaA salivary IgG was notably absent, which is in contrast with the high numbers of IgG ASCs to PsaA in adenoidal cells. These data suggest that adenoidal IgG ASC numbers may not reliably predict salivary antibody concentrations. It is generally believed that salivary IgG is largely derived from serum (22, 54) . There is no evidence that IgG is actively secreted through epithelium by a polymeric immunoglobulin receptor transport mechanism like S-IgA, and its presence in saliva may simply reflect passive diffusion from serum.
The relative importance of antigen-specific IgA and IgG in the local immune defense against pneumococcus is unknown. It is generally thought that IgA is predominant in mucosal areas (18, 32) and that IgG mainly provides systemic protection. However, recent studies have shown that in both adenoids and tonsils, IgG-secreting cells are predominant (6) , which is different from the main induction and effector sites in the gastrointestinal tract (i.e., Peyer's patches and the lamina propria), where the majority of B cells secrete IgA (18, 32) . The large numbers of IgG-and IgA-secreting cells in the epithelial and subepithelial compartments of adenoids and tonsils suggest that they have characteristics of effector sites and that IgG could be a significant component of local mucosal responses (6) . The predominance of protein antigen-specific IgG-secreting cells in adenoids shown in this study supports the view that both IgA and IgG are important in the immune response in the upper respiratory tract.
It is known that the PspA, PsaA, and CbpA proteins are surface exposed and may be secreted by pneumococci (12, 31, 44, 51) . Pneumococcal culture supernatants have been shown to induce interleukin-8 release from cultured human lung epithelial cells, and CbpA has been shown to be responsible for about 35% of this activity (31) . Pneumolysin has also been shown to be released into culture supernatants in significant amounts from pneumococci during log-phase growth (2). We used a concentrated culture supernatant of a type 14 strain containing secreted proteins (including PspA, PsaA, CbpA, and pneumolysin, confirmed by Western immunoblotting) to stimulate adenoidal cells in vitro. Significant increases in the numbers of IgG ASCs for CbpA and, to a lesser extent, for PsaA and PspA antigens were observed after stimulation, but increases in IgA ASC numbers were rare, and increases in IgM ASC numbers were absent. The ASCs detected in culture after antigen stimulation (mainly IgG ASCs) are likely to be memory B cells. IgG memory can be induced by immunization and natural colonization. These results suggest that adenoids are an important inductive sites for memory IgG responses. The question of whether mucosal IgA memory responses can be induced is being debated, since several studies have shown that antigen-specific mucosal IgA responses are short-lived and that reimmunization does not reliably induce memory-type responses (5, 24, 36) . The nature of the antigen may be an important determinant of whether mucosal IgA memory responses occur. Some studies suggest that some protein antigens, such as cholera toxin, can induce mucosal IgA memorytype rises in antigen-specific IgA ASC numbers in mice (27) (28) (29) (30) . It is thought that polysaccharide antigens do not induce immunological memory either systemically or at the mucosal level. Conjugate pneumococcal polysaccharide vaccines have been shown to prime for systemic memory IgG responses (13) and may also induce mucosal IgA memory for some serotypespecific responses to capsular pneumococci (14) . In this study, two out of eight subjects had Ͼ2-fold increases in CbpA-and PspA-specific IgA ASCs following stimulation in culture, but none did for PsaA-and PdB-specific IgA ASCs. Thus, it appears that the former two antigens can prime for mucosal IgA memory responses but that this may not occur reliably following nasal carriage or infection. Differences between individuals may be responsible in part. Mucosal adjuvants, such as cholera toxin, E. coli heat-labile toxin, or their detoxified subunits, could improve or modify antigen-specific mucosal IgA memory responses (16, 33, 50) . Further studies of larger numbers of individuals with more detailed clinical and immunological assessment of prior exposure to pneumococci and more extensive and detailed modeling of immune responses in in vitro culture with purified recombinant proteins will further improve our understanding of the potential of these proteins as mucosal vaccines in humans.
ACKNOWLEDGMENTS
We are grateful to Peter Bull, David Chapman, and John McEwan in the ENT department of Sheffield Children's Hospital for providing the adenoid tissues and to the patients who took part in the study. We thank Andrew Heath in the Division of Genomic Medicine, University of Sheffield, for advice and help in phenotypic analysis of adenoidal cells by flow cytometry.
